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Energetics of Pore Opening
in a Voltage-Gated K Channel
dergoes a conformational change as the gating charges
move, and this conformational change ultimately leads
to opening of the ion conduction pore (Larsson et al., 1996;
Ofer Yifrach and Roderick MacKinnon1
Howard Hughes Medical Institute
Laboratory of Molecular Neurobiology
and Biophysics Cha et al., 1999; Glauner et al., 1999; Horn et al., 2000).
In this study, we focus on pore opening, the final stepRockefeller University
1230 York Avenue of the voltage dependent gating process. We pursue in
detail the observation that gating in voltage-dependentNew York, New York 10021
K channels is very sensitive to structural changes
brought about by single amino acid mutations (Schoppa
and Sigworth, 1998b; Ledwell and Aldrich, 1999; Li-Summary
Smerin et al., 2000; Hong and Miller, 2000). Our motiva-
ting assumption is that this sensitivity of gating to muta-Voltage-dependent gating in K channels results from
the mechanical coupling of voltage sensor movements tional change is providing valuable information about
the energetics and mechanism of pore opening. Ourto pore opening. We used single and double mutations
in the pore of the Shaker K channel to analyze a late reasoning is as follows. When the pore is closed, its
amino acids are packed against each other in a certainconcerted pore opening transition and interpreted the
results in the context of known K channel structures. manner, and when it opens some of this packing re-
arranges to give rise to the new, opened structure. If aGating sensitive mutations are located at mechanisti-
cally informative regions of the pore and are coupled particular amino acid that is packed one way in the
closed state and another way in the opened state isenergetically across distances up to 15 A˚. We propose
that the pore is intrinsically more stable when closed, mutated, the energetic effects on the closed and opened
states will generally be different, causing a shift in theand that to open the pore the voltage sensors must
exert positive work by applying an outward lateral gating equilibrium. Even if the physical mechanisms by
which mutations alter the relative closed and openedforce near the inner helix bundle.
state energies are unclear, analysis of mutations at many
sites can be used to identify gating-sensitive regionsIntroduction
within the channel, where “repacking” of amino acids,
or strain, occurs upon gating. The distribution of suchMany K, Na, and Ca2 ion channels exhibit voltage
dependent gating, that is, the membrane voltage affects regions on the pore structure constrains the set of possi-
ble gating conformations. In addition, whether a muta-the probability that the channel will open (Sigworth,
1994; Bezanilla, 2000). This form of gating underlies the tion favors the opened or closed state sheds light on
the relative stability of these states of the channel, andproduction of electrical impulses known as action po-
tentials—transient fluctuations in the membrane volt- through double-mutant cycle analysis one can infer the
degree to which conformational changes in one regionage—that spread across the surface of a cell, allowing
neurons, for example, to transmit electric signals very are coupled to changes in a different region.
Our findings on “mutational perturbation” of therapidly over their length.
The molecular mechanism of voltage-dependent gat- Shaker K channel, interpreted in the context of the
KcsA and MthK K channel pore structures, support aing is not yet understood, but the process has been
studied for many decades and the results have provided coherent picture of the conformational changes underly-
ing voltage-dependent pore opening and suggest whicha conceptual framework for envisioning how the mem-
brane voltage might control a channel’s opening (Sig- conformation is intrinsically more stable.
worth, 1994; Bezanilla, 2000; Armstrong and Bezanilla,
1974; Zagotta et al., 1994b; Schoppa and Sigworth, Results
1998a). Stated most simply, it is thought that channel
opening (and closing) is associated with the obligatory Pore Mutations Influence a Concerted
movement of charged amino acids (gating charges) Pore-Opening Transition
within the cell membrane. Since the membrane voltage In voltage-dependent K channels, each of the four
imposes a transmembrane electric field through which identical subunits contains six membrane-spanning
the charges must move, the value of the membrane segments: S1-S4 comprise the voltage sensor and S5-
voltage would be expected to bias the position of the S6 the pore (Figure 1A). Here we study the effects of
gating charges and thereby influence channel gating. point mutations in the pore since we have good struc-
Voltage dependent K, Na, and Ca2 channels all tural models for interpreting mutational data (Doyle et
have a polypeptide segment of unknown structure con- al., 1998; Zhou et al., 2001; Jiang et al., 2002). When
taining multiple conserved charged amino acids that expressed in Xenopus oocytes, Shaker K channels are
serve as the gating charges (Schoppa et al., 1992; Seoh closed when the membrane is hyperpolarized (negative
et al., 1996; Aggarwal and MacKinnon, 1996). This seg- inside the cell relative to outside) and opened upon
ment, referred to as the voltage sensor, apparently un- depolarization (Figure 1B). Potassium conductance
graphed as a function of membrane voltage follows an
S-shaped activation curve, increasing steeply at first1 Correspondence: mackinn@rockvax.rockefeller.edu
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Figure 1. Pore Mutations Affect Voltage-
Dependent Gating
(A) Membrane topology of a voltage-depen-
dent K channel subunit.
(B) K currents recorded from Xenopus laevis
oocytes under two-electrode voltage clamp
expressing wild-type (WT) or mutant Shaker
channels lacking an inactivation gate. Cur-
rents were elicited by various strength depo-
larizations from holding voltages of –95 mV
for the V476A mutant and85 mV for WT and
S428A channels. Tail potentials were similar
to the holding potentials.
(C–D) Voltage-activation data for the K
channels indicated in B (C) and for the M440A
mutant channel (D). Smooth curves corre-
spond to a two-state Boltzmann function.
(E) Effects of pore mutations on V1/2 and Z
gating parameters (Table 1) shown as differ-
ences (mutant-wild-type), graphed as a func-
tion of the mutated residue position.
(F) Correlation plot of V1/2 and Z. Cursors are
for the wild-type Shaker channel. The smooth
curve is based on the gating model described
by Equation 1 with m  2 and Ki transitions
of the type Ki(V)  Ki exp(ZiFV/RT) with K1 
60, K2  16, Z1  1.8, and Z2  1.7. Wild-type
L is 7.5. See Experimental Procedures for fur-
ther discussion.
and then leveling off as maximum activation is ap- first a two-state gating mechanism, the model used to
evaluate V1/2 and Z. In this simple model, by affecting theproached (Figure 1C). We parameterize this activation
process by fitting data to a two-state Boltzmann func- equilibrium between the two states (but not the gating
charge) mutations would alter V1/2 without changing Z,tion, which has two independent variables, V1/2 (the volt-
age at half activation) and Z (proportional to the slope that is, they would shift the activation curve midpoint but
not the slope. The same is true for a gating mechanismat half activation) (curves, Figure 1C). Below, we con-
sider how these phenomenological parameters may be in which four subunits undergo independent closed to
opened transitions, allowing conduction once all therelated to the underlying energetics of gating.
About 70% percent of single site mutations to alanine subunits reach the opened state. To explain the kind of
correlation between V1/2 and Z that is actually observedin the pore resulted in channels with activation curves
that could be parameterized by V1/2 and Z (Figure 1C, in the data, multiple transitions between closed and
opened states must be invoked and mutations have toTable 1); the remaining mutants displayed either multi-
phase activation curves (Figure 1D) or no current and alter the ratio of equilibrium constants connecting the
states. That is, certain equilibrium constants have to bewere excluded from further analysis. A summary of re-
influenced by mutation more than others. These require-sults is shown in a bar graph (Figure 1E) and in a correla-
ments agree with detailed gating models developed bytion plot relating V1/2 and Z (Figure 1F). The data exhibit
others for the Shaker K channel (Zagotta et al., 1994a;two interesting properties: first, a large number of mu-
Schoppa and Sigworth, 1998c). Consider for exampletants are like the wild-type channel, meaning that the
a slight variation on the gating model of Aldrich andactivation curve is fairly insensitive to mutation at many
coworkers: four subunits independently undergo a se-sites, and second, V1/2 and Z are correlated such that
ries of conformational changes (perhaps within the volt-left-shifted activation curves (decreased V1/2) are steeper
age sensor) and then, once all subunits have reached(increased Z) (Figures 1C and 1F).
a “permissive” state, the pore opens in a concertedThe first property of gating insensitivity at many sites
transition (all four subunits move together) (Zagotta etis fortunate because it means there is a subset of sensi-
al., 1994a). For m transitions within 4 independent sub-tive positions that stand out above the background. The
units, followed by a single concerted pore opening:second property of a correlation between V1/2 and Z is
interesting because it has important implications for the (C1 
K1(V)
 C2
K2(V)
C3possible mechanisms of gating and for the transitions
altered by mutation. To see why this is so, consider …… 
Km(V)
 Cm1)4 
L
 O (1)
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Table 1. The Influence of Pore Mutations on Voltage-Dependent Gating of the Shaker K Channel
Shaker channel KcsA V1/2 (mV) Z ZFV1/2 (kcal/mol) (ZFV1/2) (kcal/mol)
wild type 26.5  0.2 3.20  0.08 1.97  0.01
K 390A A 23 38.2  0.2 3.52  0.10 3.12  0.02 1.15  0.27
A 391V L 24 42.2  0.1 7.21  0.12 7.05  0.02 5.08  0.35
S 392A H 25 no expression
M 393A W 26 6.4  0.2 3.60  0.08 0.53  0.01 1.44  0.16
R 394A R 27 18.7  0.3 3.40  0.10 1.47  0.02 0.50  0.22
E 395A A 28 60.2  0.1 9.73  0.21 13.57  0.04 11.60  0.50
L 396A A 29 two phases in the I-V curve
G 397A G 30 25.7  0.6 2.78  0.17 1.66  0.03 0.31  0.28
L 398W A 31 no expression
L 399A A 32 two phases in the I-V curve
I 400A T 33 29.1  0.2 2.90  0.07 1.96  0.01 0.01  0.22
F 401A V 34 two phases in the I-V curve
F 402A L 35 two phases in the I-V curve
L 403A L 36 20.0  0.2 3.48  0.08 1.61  0.01 0.36  0.22
F 404A V 37 24.6  0.2 3.66  0.09 2.09  0.01 0.12  0.23
I 405A I 38 23.0  0.4 2.00  0.08 1.06  0.01 0.89  0.20
G 406A V 39 15.6  0.2 3.22  0.11 1.16  0.01 0.80  0.20
V 407A L 40 30.9  0.3 3.59  0.16 2.57  0.02 0.60  0.28
V 408A L 41 16.8  0.2 2.93  0.07 1.14  0.01 0.83  0.19
L 409A A 42 13.5  0.3 4.33  0.18 1.35  0.02 0.61  0.24
F 410A G 43 28.4  0.2 3.74  0.20 2.46  0.03 0.49  0.29
S 411A S 44 25.5  0.5 3.20  0.17 1.89  0.03 0.08  0.28
S 412A Y 45 24.8  0.1 4.12  0.05 2.36  0.01 0.39  0.21
A 413V L 46 25.5  0.3 3.51  0.12 2.07  0.02 0.11  0.25
V 414A A 47 22.5  0.2 2.87  0.06 1.50  0.01 0.47  0.20
Y 415A V 48 not determined
F 416A L 49 30.9  0.2 4.16  0.14 2.98  0.02 1.01  0.28
A 417V A 50 27.4  0.2 3.59  0.10 2.28  0.01 0.31  0.24
E 418A E 51 C-type inactivation
A 419V R 52 29.0  0.2 2.87  0.05 1.93  0.01 0.04  0.21
G 420A G 53 20.3  0.3 2.43  0.05 1.14  0.01 0.83  0.19
S 421A A 54 28.2  0.1 4.15  0.08 2.71  0.01 0.74  0.24
E 422A P 55 27.2  0.1 4.53  0.06 2.85  0.01 0.88  0.23
N 423A G 56 27.2  0.3 3.66  0.13 2.31  0.02 0.34  0.26
S 424A A 57 22.9  0.2 3.44  0.10 1.83  0.01 0.14  0.23
F 425A Q 58 28.1  0.1 4.11  0.08 2.68  0.01 0.71  0.24
F 426A L 59 30.7  0.3 3.52  0.11 2.50  0.02 0.54  0.26
K 427A I 60 32.4  0.3 3.17  0.10 2.38  0.02 0.41  0.25
S 428A T 61 11.5  0.1 3.25  0.05 0.87  0.01 1.10  0.16
I 429A Y 62 9.3  0.4 2.67  0.09 0.57  0.02 1.40  0.19
P 430A P 63 no expression
D 431A R 64 29.2  0.2 3.86  0.13 2.61  0.02 0.64  0.26
A 432V A 65 30.0  0.2 3.86  0.10 2.68  0.01 0.71  0.25
F 433A L 66 24.9  0.2 3.00  0.08 1.73  0.01 0.24  0.21
W 434A W 67 no expression
W 435A W 68 no expression
A 436V S 69 44.5  0.1 6.25  0.18 6.45  0.03 4.48  0.37
V 437A V 70 44.3  0.1 7.20  0.12 7.39  0.02 5.42  0.36
V 438A E 71 C-type inactivation
T 439A T 72 no expression
M 440A A 73 two phases in the I-V curve
T 441A T 74 17.3  0.2 3.38  0.06 1.36  0.01 0.61  0.19
T 442A T 75 52.3  0.0 5.00  0.02 6.06  0.00 4.09  0.29
V 443A V 76 no expression
G 444A G 77 not mutated
Y 445A Y 78 not mutated
G 446A G 79 not mutated
D 447A D 80 not mutated
M 448A L 81 26.7  0.2 4.21  0.14 2.60  0.02 0.64  0.27
T 449A Y 82 31.5  0.2 3.95  0.10 2.88  0.02 0.91  0.26
P 450A P 83 no expression
V 451A V 84 27.5  0.1 3.27  0.05 2.08  0.01 0.11  0.20
G 452A T 85 24.9  0.2 3.21  0.07 1.85  0.01 0.12  0.21
V 453A L 86 24.4  0.1 4.13  0.06 2.34  0.01 0.37  0.21
W 454A W 87 28.2  0.1 3.50  0.05 2.29  0.01 0.32  0.21
G 455A G 88 25.4  0.2 2.98  0.07 1.75  0.01 0.22  0.22
K 456A R 89 no expression
(continued)
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Table 1. Continued
Shaker channel KcsA V1/2 (mV) Z ZFV1/2 (kcal/mol) (ZFV1/2) (kcal/mol)
I 457A C 90 20.0  0.6 3.24  0.21 1.50  0.03 0.47  0.29
V 458A V 91 47.2  0.2 6.88  0.25 7.52  0.04 5.56  0.42
G 459A A 92 40.8  0.2 5.29  0.17 5.01  0.03 3.04  0.34
S 460A V 93 36.9  0.2 4.61  0.12 3.95  0.02 1.98  0.29
L 461A V 94 35.0  0.3 4.55  0.20 3.69  0.03 1.72  0.33
C 462A V 95 26.0  0.1 3.92  0.07 2.36  0.01 0.39  0.22
A 463V M 96 27.4  0.1 4.70  0.04 2.98  0.01 1.02  0.23
I 464A V 97 29.0  0.6 2.29  0.11 1.54  0.03 0.43  0.26
A 465V A 98 46.3  0.2 7.42  0.32 7.96  0.05 5.99  0.45
G 466A G 99 no expression
V 467A I 100 34.4  0.3 2.84  0.09 2.26  0.02 0.29  0.25
L 468A T 101 8.3  0.1 3.00  0.03 0.58  0.00 1.39  0.13
T 469A S 102 46.0  0.1 6.60  0.20 7.04  0.03 5.07  0.39
I 470A F 103 28.0  0.3 1.90  0.04 1.23  0.01 0.74  0.19
A 471V G 104 no expression
L 472A L 105 13.9  0.2 3.43  0.07 1.11  0.01 0.86  0.18
P 473A V 106 no expression
V 474A T 107 two phases in the I-V curve
P 475A A 108 not determined
V 476A A 109 62.0  0.1 7.73  0.14 11.10  0.03 9.13  0.44
I 477A L 110 55.7  0.2 7.00  0.37 9.04  0.07 7.07  0.49
V 478A A 111 two phases in the I-V curve
S 479A T 112 24.8  0.2 3.53  0.09 2.03  0.01 0.06  0.23
N 480A W 113 no expression
F 481A F 114 no expression
N 482A V 115 36.0  0.3 4.35  0.20 3.62  0.03 1.65  0.17
Y 483A G 116 two phases in the I-V curve
F 484A R 117 two phases in the I-V curve
Y 485A E 118 23.0  0.1 2.50  0.40 1.33  0.03 0.63  0.44
H 486A N 119 24.0  0.2 2.70  0.10 1.44  0.07 0.51  0.49
L 366A 66.8  0.1 5.96  0.03 9.24  0.03 7.27  0.34
V 476A-L366A 94.6  0.1 9.47  0.22 20.77  0.05 18.81  0.40
V 476A-A465A 60.0  0.0 5.33  0.05 7.41  0.01 5.44  0.33
V 476A-T469A 60.1  0.1 6.20  0.12 8.63  0.02 6.66  0.39
V 476A-M393A 62.2  0.1 7.47  0.14 10.75  0.03 8.78  0.43
V 476A-E395A 71.6  0.2 5.98  0.08 9.92  0.05 7.95  0.35
V 476A-A391V 67.1  0.1 6.49  0.08 10.09  0.02 8.13  0.40
E 395A-I400A 55.8  0.1 7.63  0.27 9.87  0.05 7.90  0.35
E 395V-A391A 60.9  0.1 6.70  0.18 9.46  0.03 7.49  0.43
E 395V-A465V 64.6  0.1 6.68  0.22 10.01  0.04 8.04  0.30
A 465V-V407A 36.7  0.2 4.77  0.18 4.05  0.03 2.08  0.22
A 465V-T469A 36.7  0.1 5.93  0.15 5.04  0.02 3.07  0.25
A 465V-A463V 41.8  0.1 7.38  0.09 7.14  0.01 5.17  0.30
T 442A-A465V 56.7  0.2 4.36  0.12 5.74  0.02 3.78  0.22
T 442A-A463V 50.9  0.1 4.82  0.05 5.69  0.01 3.72  0.27
T 442A-V467A 63.9  0.2 4.63  0.14 6.86  0.03 4.89  0.29
T 469A-V467A 36.2  0.2 4.18  0.10 3.50  0.02 1.53  0.21
T 469A-L403A 23.5  0.2 3.23  0.10 1.76  0.01 0.21  0.15
T 469A-E395A 58.9  0.1 6.16  0.10 8.41  0.02 6.44  0.32
T 469A-A391V 42.6  0.1 6.66  0.08 6.58  0.01 4.61  0.33
First and second columns show the corresponding positions of the Shaker and KcsA K channels, respectively. Estimates for the values of
V1/2 and Z for the different mutations were obtained by fitting voltage-activation curves to a two-state Boltzmann equation. The free energy
difference between the open and closed states is given by ZFV1/2. Perturbation energies upon mutation, (ZFV1/2), are for the mutant channel
proteins relative to the WT channel. See Experimental Procedures for further details.
the open probability Po is given by respectively. If our mutations influence only L, the con-
certed opening transition, then the correlation between
V1/2 and Z observed in the data follows naturally (Figure
Po 
L(
m
i1
Ki(V))4
(1  
m
n1

n
i1
Ki(V))4  L(
m
i1
Ki(V))4
(2) 1F, curve). The values of Ki and L used in Figure 1F for
the wild-type channel are close to those reported in the
literature (Zagotta et al., 1994a; Schoppa and Sigworth,
1998c). The general trend relating V1/2 and Z occurs overwhere Ki(V) and L are the equilibrium constants for transi-
tions within each subunit and for the concerted opening, a wide range of values for Ki and L and does not require
Energetics of Voltage Gating
235
Figure 2. Distribution of Gating Sensitive
Amino Acids on the Pore
Stereo pair of the KcsA K channel color-
coded according to the effects of mutations
on voltage-dependent gating in the Shaker
K channel. M1, P, and M2 denote the outer,
pore, and inner helices, respectively. The cor-
responding positions of the Shaker pore and
the KcsA K channel were deduced from se-
quence alignment showing 36% sequence
similarity between the two sequences (not
shown, see Table 1). Mutations are grouped
into two color categories based on magni-
tude of effect: | (ZFV1/2) |  1 kcal/mol, blue
and |(ZFV1/2) |  1 kcal/mol, red (see text).
Sites where mutations produced no current
or current that could not be parameterized
by V1/2 and Z are gray (25 residues) and posi-
tions not studied are green (6 residues). Side
chains are shown for gating-sensitive resi-
dues only. Selected residues are labeled ac-
cording to the Shaker amino acid position.
that L be completely voltage independent, which we tions in the two regions would have independent (ener-
getically additive) effects. Alternatively, one could imag-assume here for the sake of simplicity. The important
qualitative point is that the relationship between V1/2 and ine a large scale, concerted (coupled) conformational
change involving regions of the protein far apart inZ can be explained if our mutations mainly influence L,
a “late” transition in the opening process. space. Although far apart, mutations in this latter case
would have non-additive effects on gating. Thus, the
degree to which different positions in the structure areLocation of Gating Sensitive Amino Acids
energetically coupled has implications for the proteinon the Pore
conformational changes that underlie gating.That our mutations behave as if they affect predomi-
To study energy coupling, we first must address thenantly a late, concerted opening transition seems rea-
issue of estimating the energy change on gating causedsonable since they have been introduced into the pore;
by a mutation. If a channel had only two states, thenit is thought that the voltage sensors undergo conforma-
the free energy difference between closed and openedtional changes that finally lead to pore opening. Within
states at zero voltage would be equal to ZFV1/2, andthe pore, we expect the gating sensitive mutations to
the energy change caused by a mutation would bebe located at regions where conformational changes
F(Z wtV1/2wt  ZmutV1/2 mut)  (ZFV1/2). Imagine, however,occur, at hinge points for example. To interpret our mu-
that a channel gates according to Equation 2 and thattational results in a structural context, we have graphed
a mutation alters only the concerted opening step L. Inthe location of sensitive residues onto the KcsA Kchan-
this case, for a given actual energy change in L causednel coordinates, which, on the basis of amino acid se-
by a mutation, GL, we would see that the observedquence conservation, should serve as a reasonably
energy change, (ZFV1/2), would be approximately a lin-faithful model for much of the pore of a voltage-depen-
ear function of GL (Figure 3A). That is, (ZFV1/2) kGL,dent K channel. Sensitive residues are shown in red
where k is constant. This linear relationship is expected(Figure 2). They cluster mainly in two regions, one near
to hold with a nearly constant k over a range of L valuesthe intracellular entryway where the four inner helices
from about 1.0 to 105 (Figure 3B). Therefore, for wild-cross each other (inner helix bundle), and the other
type Shaker channels (L 10) and for mutant channelscloser to the extracellular side where the inner helices
with left-shifted voltage activation curves (L 10–105)contact the pore helices. Several inner helix residues
we expect that linearity will apply to a first approxima-that are involved in packing against an adjacent outer
tion. The significance of linearity is that double-mutanthelix are also gating sensitive. We will discuss this distri-
cycle analysis, described below, is justified (Carter etbution of sensitive residues later, after first asking
al., 1984; Hidalgo and MacKinnon, 1995; Horovitz, 1996).whether the effects of mutations in the two regions are
Double-mutant cycle analysis is a formal way of quan-energetically coupled to each other.
tifying the independence of two mutations in their effects
on the function of a protein. For example, two mutationsEnergetic Coupling Between Mutations
may separately alter channel gating, but their effectsWe are interested in whether mutations in different re-
may or may not be additive when the mutations aregions of the pore affect gating independently or in a
combined. The square in Figure 4A describes the dou-coupled fashion because the distinction helps us to un-
ble-mutant cycle relating wild-type (WT), single mutantderstand how the pore might open. For example, one
(M1 or M2), and double-mutant (M1, M2) channels. Ifcould imagine two regions separated in space that both
M1 and M2 affect gating independently, then(ZFV1/2)1undergo an independent, localized conformational
change that leads to pore opening, in which case muta- (ZFV1/2)21 (and equivalently (ZFV1/2)2  (ZFV1/2)12), that
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to influence gating; they are coupled. An example of
nearly independently acting mutations is shown in Fig-
ure 4B, where the double mutant is displaced along the
voltage axis by an amount roughly equal to the sum of
the single mutations. In contrast, two mutations in Figure
4C are clearly not independent.
The example of independent mutations (Figure 4B)
involves one amino acid in the pore and another in the
voltage sensor. It turns out that nearly all of the gating
sensitive amino acids within the pore that have been
tested are coupled to each other (Figures 4C and 5A).
And it is interesting to see that gating sensitive amino
acids are in general not coupled to insensitive amino
acids (Figure 5B). The nearly uniform coupling between
sensitive pairs is an interesting and at first surprising
observation, since certain coupled positions are sepa-
rated by up to 15 A˚ (Figures 2 and 5A).
Double-mutant cycle analysis has been used in the
past to argue (Hidalgo and MacKinnon, 1995; Rangana-
than et al., 1996) with reasonable accuracy (MacKinnon
et al., 1998) that certain residues are near each other in
a protein structure. Very specific criteria (outlined in
references, Hidalgo and MacKinnon, 1995; Rangana-
than et al., 1996) must be met in order to support the
argument that coupling indicates close proximity of the
two mutated residues. For this argument, most impor-
tantly, a mutated residue should be coupled to one or
at most a few (i.e., nearby) residues (see Hidalgo and
Figure 3. True (GL) and Calculable ((ZFV1/2)) Perturbation Energies MacKinnon, 1995; Ranganathan et al., 1996). If a mu-
Should Be Linearly Correlated
tated residue is coupled to many mutations elsewhere
(A) Comparison of true and measurable energy changes in the theo-
in the structure then coupling cannot be attributed toretical gating model described by Equations 1 and 2. Perturbation
close proximity of mutated residues, and a large confor-energies (GL) of 0.65, 1.37, and 2.74 kcal/mol were imposed using
mational change should be suspected. The case of anEquation 1 (m  2 and L  10) by increasing L by 3-, 10-, and
100-fold, respectively. Open probability curves were generated and apparently large conformational change is in fact ob-
gating parameters Z and V1/2 determined to calculate (ZFV1/2). A served in the present study, in which many mutations
slope value (k ) of 2 is obtained by linear regression. in the pore of the Shaker K channel are coupled even
(B) The analysis in (A) was carried out for a range of L values. The
across large distances (Figure 5A). Such widespreadslope, k, is graphed as a function of L.
coupling would be expected if, for example, the inner
helices naturally undergo large rigid body conforma-
tional changes: through rigid body motions, slight dis-is, the difference between these quantities, (ZFV1/2),
placements of a helix induced by a mutation in oneis equal to zero. If (ZFV1/2)  0 then we say that the
effects of the two mutations do not act independently region could be transmitted to a distant region. Of
Figure 4. Thermodynamic Mutant Cycle Analysis of Voltage-Dependent Gating
(A) The equilibrium between closed and opened states of wild-type (WT), single mutant (M1 or M2), and double-mutant (M1, M2) channels
are related by a thermodynamic box.
(B–C) Voltage-activation curves for four channel proteins comprising a thermodynamic mutant cycle. Additive (B) and non-additive (C) examples
are shown for pairs of gating sensitive positions. K currents were recorded essentially as described in Figure 1B legend. Smooth curves
correspond to a two-state Boltzmann function. The magnitude of non-additivity, (ZFV1/2) is calculated as indicated in Experimental Proce-
dures.
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Figure 6. Energetics of Gating in the Shaker KChannel Are Consis-
Figure 5. Magnitude of Coupling for Pairs of Pore Mutations tent with the Crystal Structures of Closed and Opened Bacterial
Coupling free energy, (ZFV1/2), is shown for pairs of gating sensi- Channels
tive mutations (A) and for gating sensitive mutations paired with Ribbon representations of the KcsA (closed) (A) and MthK (opened)
non-sensitive mutations (B). (B) pore structures with M1, P, and M2 labels for the outer, pore,
and inner helices. The gating hinge glycine (Jiang et al., 2002) is
colored red.
course large conformational changes can occur through
motions other than rigid helical, but as we discuss be-
low, these functional data are in good agreement with linearity is important because it allows us to use double-
mutant cycle analysis to ask whether mutations at differ-prior structural analyses of KcsA and MthK, closed and
opened K channels that reveal rigid  helical motions ent positions in the structure are energetically coupled.
The distribution of gating sensitive amino acid posi-permitted by a conserved gating hinge.
tions mapped onto the pore structure of the KcsA K
channel implies that gating results in an environmentDiscussion
change or strain in many residues near the crossover
of the inner helix bundle (close to the intracellular sur-In this study, we observe that point mutations in the
pore of a voltage-dependent K channel alter gating by face) and near where the inner helix is packed against
a pore helix (close to the membrane center) (Figure 2).changing both the midpoint and slope of the voltage-
activation curve. We show that the midpoints and slopes Double-mutant cycle analysis shows that mutations in
these two regions are coupled, as if pore opening in-are strongly correlated and propose a simple explana-
tion for why this is the case: pore mutations influence volves changes in both regions simultaneously. The
structural mapping and long-range coupling lead us tomainly a concerted pore opening step that occurs as a
late transition along the reaction pathway to opening. propose that pore opening in the Shaker K channel is
similar to the opening of voltage-independent channelsWe also investigate the conditions under which it is
possible to extract from the data an energy term that (KcsA and MthK), in which recent crystallographic analy-
sis sheds light on the pore conformational changes thatis linearly proportional to the true energy perturbation
caused by a mutation. We conclude that for wild-type occur upon opening (Figures 6A and 6B) (Jiang et al.,
2002). Key features of the conformational change pro-and for mutant channels with midpoint voltages more
negative than wild-type, such a term is obtainable. The posed for those channels include a bending of the inner
Cell
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Table 2. Double Mutant Cycle Analysis of Voltage-Dependent Gating
Gating Sensitive Pairs Gating Sensitive-Gating Insensitive Pairs
Residue pair (ZFV1/2) (kcal/mol) Residue pair (ZFV1/2) (kcal/mol)
E395-V476 3.32  0.02 E395-I400 0.61  0.01
E395-A465 2.39  0.02 A465-A463 0.46  0.02
E395-T469 2.55  0.01 A465-V407 1.13  0.02
E395-A391 2.30  0.01 T469-L403 1.23  0.01
A465-T469 2.00  0.02 T469-V467 0.96  0.01
A465-T442 1.58  0.01 T442-A463 0.25  0.01
V476-A465 2.42  0.01 T442-V467 0.13  0.01
V476-T469 1.88  0.01
V476-L366 0.6  0.02
V476-M393 0.76  0.02
A391-T469 1.38  0.01
A391-V476 1.52  0.01
Coupling free energies, (ZFV1/2), between pairs of gating-sensitive residues and between gating sensitive and gating-insensitive residues.
Gating properties of the double mutants are listed in Table 1. See Experimental Procedures for further details.
helices at a glycine gating hinge and a simultaneous tern, and packed against each other at the bundle. In
the opened conformation, the inner helices bend at thedisassembly of the inner helix bundle through rigid body
helical movements C-terminal to the gating hinge. The expense of broken hydrogen bonds within the mem-
brane and many of the helix packing interactions ofgating hinge (the glycine is conserved in the Shaker
channel) is located near where an inner helix contacts a the closed conformation are lost. Comparison of these
structures gives the qualitative impression that the openpore helix, consistent with one cluster of gating sensitive
amino acids (near the pore helix, Figure 2). Disassembly pore is under strain and that the closed conformation
is a more stable structure due to an increased numberof the inner helix bundle upon opening is consistent with
the second cluster of gating sensitive amino acids (at of favorable protein contacts. Thus, we suggest that
mutations are more perturbing to the closed channelthe bundle, Figure 2). Therefore, mutational effects on
gating in Shaker seem consistent with structural analysis because there are more ways to disrupt a more optimally
packed protein.of gating in voltage-independent channels. We propose
that the closed and opened states of a voltage-depen- The above line of reasoning leads us to propose that
in the Shaker K channel the pore is intrinsically at adent K channel above the inner helix bundle will look
similar to the KcsA and MthK structures, respectively lower energy in the closed state. By intrinsically, we
mean the pore if it could be studied in the absence of its(Figure 6).
It is interesting to note that the majority of mutations voltage sensors; this conclusion is perfectly consistent
with the observation that the Shaker K channel withat sensitive positions caused the activation curve to
shift leftward along the voltage axis (Figure 1F). In other its voltage sensors is open at 0 mV (Figure 1C). This
proposal implies that the “default” state of the pore iswords, mutations most often shift the gating equilibrium
toward the opened state. This could occur in one of two closed and the voltage sensors must exert positive work
in order to open it. Thus, we propose that the voltageways; mutations could either stabilize the opened state
relative to closed, or they could destabilize the closed sensors, using energy stored in the membrane electric
field, overcomes an intrinsically favored closed confor-relative to the opened. But there are more ways to dis-
rupt protein packing than to stabilize it, and extensive mation by applying a lateral force on the C-terminal
extent of the inner helices, causing the gating hinge toexperience tells us that mutations most often are desta-
bilizing to a protein’s structure. Therefore, we interpret bend and the bundle to come apart.
the tendency of mutations to shift the gating equilibrium
Experimental Procedurestoward the opened state as evidence that it is easier to
destabilize the closed conformation of the channel with
Molecular Biology and Electrophysiology
mutations. Mutations in Shaker-IR (Hoshi et al., 1990) cDNA (residues 6–46
Why might mutations be more destabilizing to the deleted) were introduced by the QuickChange method (Stratagene)
and confirmed by sequencing the entire cDNA. RNA was preparedclosed conformation? We think that the answer to this
by T7 polymerase transcription and injected into Xenopus laevisquestion might have to do with the stability of the closed
oocytes. K currents were recorded under two-electrode voltageversus opened pore structures of the wild-type channel.
clamp (OC725B, Warner Instrument Corp.) 1–2 days after mRNA
We know that KcsA with its C terminus deleted (which injection. Electrodes were drawn from borosilicate glass capillaries
is essentially a K channel without a gating domain) has (World Precision Instrument) to a resistance of 0.5M	 (3M KCl).
such a stable closed conformation that it is very difficult Bath solution contained (mM): 58 NaCl, 40 RbCl, 0.3 CaCl2, 1 MgCl2,
5 Hepes, [pH 7.6]. Oocytes were typically held at 100 to 80 mVto open under any circumstance. The more stable closed
and were stepped for 50–200 ms to different test voltages followedstate might be explicable on the basis of identifiable
by repolarization, usually to the holding voltage. Tail current ampli-structural differences in KcsA and MthK, closed and
tude was typically measured 2–4 ms after repolarization. Analog data
opened K channels. In the closed conformation, the from the amplifier were filtered (2kHz, 3db) using an 8-pole Bessel
inner helices are nearly straight, packed against adja- filter (Frequency Devices), digitized at 10kHz, and stored on a PC hard
disk. All experiments were carried out at room temperature (22
C).cent outer helices in a canonical two-helix packing pat-
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Data Analysis Spectroscopic mapping of voltage sensor movement in the shaker
potassium channel. Nature 402, 813–817.Voltage-activation curves were generated using the measured tail
currents and were fitted using the program Origin (version 5, Micro- Hidalgo, P., and MacKinnon, R. (1995). Revealing the architecture
cal Software Inc.) to a two-state Boltzmann equation: I/Imax  (1  of a K channel pore through mutant cycles with a peptide inhibitor.
eZF(VV1/2)/RT)1 where I/Imax is the normalized tail current amplitude, Z Science 268, 307–310.
is the effective charge, V1/2 the half activation voltage, and T, F, and Hong, K.H., and Miller, C. (2000). The lipid-protein interface of a
R have their usual meaning. Free energy differences between closed shaker K() channel. J. Gen. Physiol. 115, 51–58.
(C) and open (O) states of the wild-type or mutant channels were
Horn, R., Ding, S., and Gruber, H.J. (2000). Immobilizing the movingcalculated by ZFV1/2 (RTln[O]/[C]). Standard errors in ZFV1/2
parts of voltage-gated ion channels. J. Gen. Physiol. 116, 461–476.(ZFV1/2) were calculated according to: ZFV1/2  F(V 21/22Z Z 2 2V1/2)1/2
Horovitz, A. (1996). Double-mutant cycles: a powerful tool for analyz-where Z and V1/2 are the standard errors in Z and V1/2, respectively.
ing protein structure and function. Fold. Des. 1, R121–R126.Perturbation free energies upon mutation, (ZFV1/2), were calculated
by F(ZmutV1/2 mut  ZwtV1/2 wt). Standard errors in (ZFV1/2) ((ZFV1/2)) Hoshi, T., Zagotta, W.N., and Aldrich, R.W. (1990). Biophysical and
were calculated according to: (ZFV1/2) (2ZFV1/2, wt  2ZFV1/2, mut)1/2. The molecular mechanisms of shaker potassium channel inactivation.
magnitude of non-additivity in our double-mutant cycle analysis, Science 250, 533–538.
(ZFV1/2), is calculated by F[(ZwtV1/2 wt  Zmut1V1/2 mut1) Jiang, Y., Lee, A., Chen, J., Cadene, M., Chait, B.T., and MacKinnon,
(Zmut2V1/2 mut2  Zmut1,mut2V1/2 mut1,mut2)]. Standard errors in (ZFV1/2) were R. (2002). The open pore conformation of potassium channels. Na-
calculated by linear error propagation as above and were found to ture 417, 523–526.
be  3% of the measured value (Table 2).
Larsson, H.P., Baker, O.S., Dhillon, D.S., and Isacoff, E.Y. (1996).A channel gating model described by Equation 1 with m  2
Transmembrane movement of the shaker K channel S4. Neuron(see text) was employed in order to fit the observed experimental
16, 387–397.correlation between V1/2 and Z. For this model, four subunits undergo
Ledwell, J.L., and Aldrich, R.W. (1999). Mutations in the S4 regiontwo independent transitions that are followed, once all completed,
isolate the final voltage-dependent cooperative step in potassiumby a concerted voltage-independent pore opening transition (L). The
channel activation. J. Gen. Physiol. 113, 389–414.independent transitions have a voltage dependence of the form
Ki(V)  Ki exp(ZiFV/RT). This model contains five free parameters: Li-Smerin, Y., Hackos, D.H., and Swartz, K.J. (2000). A localized
interaction surface for voltage-sensing domains on the pore domainK1, K2, Z1, Z2, and L. Assuming L is the independent parameter in
Equation 1, open probability (Po) data as a function of voltage were of a K channel. Neuron 25, 411–423.
generated for a wide range of L values (1031010). The graphed MacKinnon, R., Cohem, S.L., Kuo, A., Lee, A., and Chait, B.T. (1998).
data were then fitted to a two-state Boltzmann function yielding Structural conservation in prokaryotic and eukaryotic potassium
values for Z and V1/2. The smooth curve in Figure 1F is interpolated channels. Science 280, 106–109.
from points. The values for K1, K2, Z1, and Z2 used to obtain this Ranganathan, R., Lewis, J.H., and MacKinnon, R. (1996). Spatial
fit (see Figure 1F legend) are minor variations on reported values localization of the K channel selectivity filter by mutant cycle-based
(Schoppa and Sigworth, 1998c). Specifically, the total gating charge structure analysis. Neuron 16, 131–139.
per subunit and the value for the K2/K1 ratio (which determines the
Schoppa, N.E., and Sigworth, F.J. (1998a). Activation of shaker po-steepness of the fitted ZV1/2 curve) were almost identical in both
tassium channels. I. Characterization of voltage-dependent transi-studies. These values are also close to those reported (Zagotta et
tions. J. Gen. Physiol. 111, 271–294.al., 1994a).
Schoppa, N.E., and Sigworth, F.J. (1998b). Activation of shaker po-
tassium channels. II. Kinetics of the V2 mutant channel. J. Gen.Acknowledgments
Physiol. 111, 295–311.
We thank members of the MacKinnon laboratory for critical discus- Schoppa, N.E., and Sigworth, F.J. (1998c). Activation of shaker po-
sions, F. Sigworth for manuscript critique, and Y. Jiang, R. Dutzler, tassium channels. III. An activation gating model for wild-type and
and Y. Zhou for assistance in figure preparation. O.Y. is an EMBO V2 mutant channels. J. Gen. Physiol. 111, 313–342.
fellow. This project was supported by NIH grant GM47400. R.M. is Schoppa, N.E., McCormack, K., Tanouye, M.A., and Sigworth, F.J.
an investigator in the Howard Hughes Medical Institute. (1992). The size of gating charge in wild-type and mutant shaker
potassium channels. Science 255, 1712–1715.
Received: June 21, 2002 Seoh, S.A., Sigg, D., Papazian, D.M., and Bezanilla, F. (1996). Volt-
Revised: August 30, 2002 age-sensing residues in the S2 and S4 segments of the shaker K
channel. Neuron 16, 1159–1167.
References
Sigworth, F.J. (1994). Voltage gating of ion channels. Q. Rev. Bio-
phys. 27, 1–40.Aggarwal, S.K., and MacKinnon, R. (1996). Contribution of the S4
Zagotta, W.N., Hoshi, T., and Aldrich, R.W. (1994a). Shaker potas-segment to gating charge in the shaker K channel. Neuron 16,
sium channel gating. III: Evaluation of kinetic models for activation.1169–1177.
J. Gen. Physiol. 103, 321–362.Armstrong, C.M., and Bezanilla, F. (1974). Charge movement associ-
Zagotta, W.N., Hoshi, T., Dittman, J., and Aldrich, R.W. (1994b).ated with the opening and closing of the activation gates of the Na
Shaker potassium channel gating. II: Transitions in the activationchannels. J. Gen. Physiol. 63, 533–552.
pathway. J. Gen. Physiol. 103, 279–319.
Bezanilla, F. (2000). The voltage sensor in voltage-dependent ion
Zhou, Y., Morais-Cabral, J.H., Kaufman, A., and MacKinnon, R.channels. Physiol. Rev. 80, 555–592.
(2001). Chemistry of ion coordination and hydration revealed by a
Carter, P.J., Winter, G., Wilkinson, A.J., and Fersht, A.R. (1984). The
K channel-fab complex at 2.0 A˚ resolution. Nature 414, 43–48.
use of double mutants to detect structural changes in the active
site of the tyrosyl-tRNA synthetase (Bacillus stearothermophilus).
Cell 38, 835–840.
Cha, A., Snyder, G.E., Selvin, P.R., and Bezanilla, F. (1999). Atomic
scale movement of the voltage-sensing region in a potassium chan-
nel measured via spectroscopy. Nature 402, 809–813.
Doyle, D.A., Morais Cabral, J.H., Pfuetzner, R.A., Kuo, A., Gulbis,
J.M., Cohen, S.L., Chait, B.T., and MacKinnon, R. (1998). The struc-
ture of the potassium channel: molecular basis of K conduction
and selectivity. Science 280, 69–77.
Glauner, K.S., Mannuzzu, L.M., Gandhi, C.S., and Isacoff, E.Y. (1999).
